Verification and validation of the "ARKAS" code, using problems defined in the IWGFR Coordinated Research Programme (CRP) for the comparison of LMFBR Core Mechanics Codes, are discussed.
The problems to be used in the verification (code against code) and validation (code against experiment) were defined and calculated by 11 core mechanics codes from 9 countries.
The solutions obtained by these codes were compared in two steps, the first step consisting of Stage 1 "Verification", and the second step including Stage 1A "Advanced verification" and Stage 2 "Validation".
The results of the first step for ARKAS, a core structural mechanics code, were presented and discussed in a previous paper. This paper describes some typical ARKAS results in detail, and compares them with the average values taken from solutions obtained by participants in the CRP. This corresponds to the second step ; Stage 1A and Stage 2. All the problems have been completed and were solved using ARKAS. Predictions made by ARKAS agreed very well with other solutions to the advanced verification problems, except in the case of problems involving high friction.
As for validation problems based on Japanese ex-reactor 2-D thermo-elastic experiments, the agreement between measured and calculated values by ARKAS was fairly good. KEYWORDS The design and operation of liquid metal fast breeder reactors (LMFBRs) loaded with wrappers which swell and creep under the high neutron damage doses needed for economic operation demand a major effort to understand the statics of core support systems (often referred to as static core mechanics).
The structural analysis problem raised by static core mechanics is novel and difficult, because it involves analyzing the nonlinear interaction of hundreds of sub-assemblies separated by gaps which may open or close. Because this problem had not been well handled with conventional analysis, each country has set about solving this "discontinuum" problem by special designed codes. The first major coordinated international review was organized in the form of an IWGFR Specialists' Meeting on the Prediction and Experience of Core Distortion Behavior, which was held in the UK at Wilmslow, Cheshire in Oct. 1984. According to a recommendation made at the meetine) that the codes should be verified through benchmark exercises and that this verification should be followed by validation benchmarking of the same codes against rigs and reactors, the CRP(2) was co-ordinated by the IWGFR on the basis of verification problems J. Nucl.
Sci. Technol., put forward by Dr. R.G. Anderson (UKAEA) and validation problems on Japanese ex-reactor (rig) thermo-elastic experiments.
The solutions to problems defined as verification (code against code) and validation (code against experiment) and comparisons between the solutions obtained by the participants' codes, were carried out in two steps ; the first step consisted of Stage 1 "Verification", and the second step included Stage 1A "Advanced verification" and Stage 2 "Validation". The results of the first step for ARKAS (3) were presented and discussed in a previous paper (4) . This paper discusses the results of the second step for ARKAS as a continuation of the previous report in a series of studies aimed at assessing the ARKAS(3) code against IAEA benchmark problems.
In the second step, Stage 1A (Advanced) Verification (code against code) problems and Stage 2 Validation (code against experiment) problems were defined and calculated by nine core mechanics codes (5)~(9) from seven countries (see Table 1 ) .
Two countries which took part in the first step failed to participate.
The purpose of verification is to test several codes against very closely defined problems to assess the attainable accuracy of the codes (Stages 1 and 1A). The purpose of validation is to test several codes against ex-reactor experiments and reactors (which are less closely defined than the verification problems) to assess whether the codes model all the features necessary to describe the experiments and reactors (Stage 2).
In this paper, the numerical model of the ARK AS code is introduced, and the ARKAS 
II. DESCRIPTION OF ARKAS
The ARKAS is a three-dimensional finite element code for use in predicting core distortion and mechanical behavior in fast reactors (3) . It is programmed in FORTRAN-IV and is capable of handling large numbers of sub-assemblies (S/As) in a cluster with flexible boundary conditions, including mirror and rotational symmetry, as well as a whole core.
The calculation model and iteration technique used to obtain the correct gap distribution are described in detail in Ref. (3) . In this chapter, the mechanical model, numerical procedures and the code configuration of ARKAS will be outlined.
1. Mechanical Model In this code, one of two models can be selected to describe each individual hexagonal S/A. One is a beam model and the other is a shell model. Figure 1 shows these models. The beam model is newly developed and was added to the newest version(3) because the shell model seemed inadequate for all the standard IAEA problems in which the pads located on each of the six wrapper faces were assumed to have uncoupled stiffness. All the standard problems have been solved with the beam model.
For each S/A, the following dimensional changes are taken into account :
(1) The bowing, length change and crosssectional deformation (dilation) of the wrapper due to thermal expansion and voidage swelling.
(2) The bowing and dilation due to creep and elastic deformation. The strain due to swelling, creep and thermal expansion is calculated at all six wrapper corner mid-wall points and at any userspecified wrapper face mid-wall points . In calculating the load vectors causing bowing , the strains assumed to vary linearly in a circumferential direction between neighboring mid-wall points in each axial plane.
To represent nonlinear stiffness due to contact between neighboring surfaces, a fictitious element (the joint element) is placed on each contact surface, including each gap at spike tops and bottoms, as shown in Fig. 1 . This element also has the ability to represent frictional effects and to describe states of partial or angled contact.
The mechanical model of friction is constructed so as to take into account the following conditions at each contact gap :
(1) -mfn<ft<mfn and Ut=0,
or (2) ft=mfn, and Ui<0,
or (3) The following ten examples were defined as "Stage 1A" verification problems.
Example 7A : Free bowing of a single S/A due to neutron irradiation of S/A 67 Example 7B: Free bowing of a single S/A due to neutron irradiation of S/A 100 Example 7C: Free bowing of a single S/A due to neutron irradiation of S/A 11, using a swelling rule with incubation doses Example 8A : Free dilation in a symmetrical array (30-sector) Example 8D: Dilation interactions in a symmetrical array (30-sector) within a passively restrained system with wide clearance Example 8E : Dilation interactions in a symmetrical array (30-sector) within a passively restrained system with narrow clearance Example 10A : Simple friction problem in a symmetrical array (60-sector) with a frictional coefficient of 0.2 Example 10B: Simple friction problem in a symmetrical array (60-sector) with a frictional coefficient of 1.0 Example 10C: Simple friction problem in a symmetrical array (120-sector) with a frictional coefficient of 0.2 Example 10D: Simple friction problem in a symmetrical array (120-sector) with a frictional coefficient of 1.0 Examples 7A to 8E were defined as advanced versions of Example 5 in Stage 1(4). Similarly, 10A to 10D were defined as advanced versions of Example 3 in Stage 1(4). The purpose of Examples 7A and 7B is to provide a severe test of the integration routines, thus verifying code behavior with swelling gradients larger than those specified for the activated S/As in Example 5, which are located in the fourth rings in Fig. 4 . Example 7A is a larger swelling gradient problem with 180-symmetry.
Example 7B is a similar problem with no symmetry.
The purpose of Example 7C is to provide a severe test of the code's integration routines with swelling which includes incubation. It is known that the wrapper cross section of a sub-assembly is distorted by both swelling and creep caused by internal coolant pressure, as shown in Fig. 5 . This phenomenon is generally called "dilation". The purpose of Examples 8A, 8D and 8E is to verify the behavior of the code when dilation occurs. Example 8A verifies the simple dilation model for some of the sub-assemblies in a symmetrical array. Examples 8D and 8E are for verification of the interaction orob- The purpose of Examples 10A, 10B, 10C and 10D is to verify the behavior of the code when frictional effects are included at the contact pads between sub-assemblies.
In Examples 10A and 10B (10C and 10D), only the central sub-assembly, denoted by number 1 in the array shown in Fig. 4 , bows northwards (eastwards), according to the specified temperature gradient. Figure 6 shows the geometric and material conditions specified for the sub-assemblies in the problems.
The support system at the plane Z=0 is assumed to be endowed with stiffness by a support spike. The lower restraint plane (LRP), which is placed at the axial level of 3,000 mm from the wrapper bottom in Stage 1 (see Fig. 3 of Ref. (4) The sub-assembly duct in Example 7 has no loading pads because of a free bowing problem.
Geometrical data must be input for 20dc. In Exercise 3, a single S/A bows in response to a force applied to its head. The measured data for head displacement and strain at the bottom of the wrapper for several forces are used as validation data.
In Exercise 1B, a single S/A bows in response to the thermal load induced by electrical heaters.
The lateral displacement measured at several axial points on the wrapper is used as validation data.
In Exercise 1A, a single sub-assembly, held to the initial clearances at two axial levels (the upper restraint plane (URP) and the lower restraint plane (LRP)), bows as a result of a thermal load induced by electrical heaters. The lateral displacements at several axial points on the wrapper, and the loads at the URP and LRP restraint pads, are measured.
In Exercise 2, a row of 10 sub-assemblies, held to the initial clearances at two axial levels (URP and LRP), bows as a result of a thermal load induced by electrical heaters. The lateral displacements, measured at several axial points for all wrappers, as well as the loads at the restraint pads, are used as validation data.
IV. STAGE 1A VERIFICATION RESULTS Fig. 7 ).
The ARKAS results are shown in Fig. 8 . It is clear that the displacement almost converges in the four-division case for S/A 67 loaded symmetrically about the center-line, while for S/A 100, which is asymmetrically loaded, more divisions (about eight) are required to obtain convergence.
For S/A 11 in a flat neutron dose distribution, just six points (corresponding to one division) are sufficient to obtain convergence. For the purposes of comparing the ARKAS results with those of other codes, the range of solutions is called the "spread", defined (12) as 
In Example 7A, the spread in S/A 67 displacements at the URP among the nine codes -7-used was 6.7%, and the accuracy (of ARKAS) was 1.6%. In Example 7B, the spread in S/A 100 displacements at the URP among the nine codes used was 7.3%, and the accuracy (of ARKAS) was 2.5%.
In Example 7C, the spread in S/A 11 displacements at the URP among the four codes used was 5.3%, and the accuracy (of ARKAS) was -2.5%. The spreads observed in Examples 7A and 7B are larger than the value of 3.4 % observed in S/A 53 displacement at the URP as obtained in Example 6 using the same dose distribution (shown in Table 6 of Ref. (4)). This can be considered as resulting from the difficulty in calculating duct bending loads under larger swelling gradients, since the dose gradients at S/As 67 and 100 are larger than that at S/A 53. The larger spread in Example 7C is also due to the difficulty inherent in calculations with swelling rules including incubation. However, the ARKAS solutions are concentrated near the mean values in these three cases, suggesting that the integration routine adopted in ARKAS is suitable for calculating the duct bending loads under large gradient dose distributions and with swelling rules including incubation.
2. Example 8: Dilation in symmetrical array (30-degree sector) within passively restrained system The sub-assembly array in Examples 8A, 8D and 8E is illustrated in Fig. 9 . The restraint system is passive.
The damage dose field of a parabolic distribution, the swelling rule, and the irradiation creep rule are the same as those specified for Example 5 in Stage 1 (see Eqs. (3), (4), (5) and Fig. 22 of Ref. (4)).
Sub-assemblies 1, 3, 10, 11, 23, 24, 42, 43 and 44 are assumed to dilate due to creep under internal pressure whilst S/As 42, 43 and 44 dilate due to swelling.
The coolant pressure at the core centre plane of S/As 1, 3, 10, 11, 23, 24, 42, 43 and 44 was assumed to be 1 MPa. Poisson's ratio was taken to be 0.5.
The temperature of each sub-assembly is Fig. 8 (1) Example 8A : Free dilation in symmetrical array (30-sector) Example 8A requires the free dilation of S/As 1, 3, 10, 11, 23, 24, 42, 43 and 44 at the CCRP for a maximum core center dose of 100 dpa. "Free" means that no contact takes place between adjacent wrappers. Table 2 shows the free cross-flats dilations obtained by ARKAS, where the dilation means the averaged value for the six faces of each duct. Figure 11 shows the dilations for typical sub-assemblies in the nine solution. Table 3 shows all solutions for the free across-flats dilation of the central sub-assembly, together with the theoretical value. It is clear that the ARKAS predictions agree with the theoretical value to within 0.2 %. The spread of values for the central sub-assembly among the nine codes tested was 1.1 %, and the accuracy (of ARKAS) was -0.3 %.
(2) Example 8D: Dilation interactions in symmetrical array (30-sector) within passively restrained system with wide clearance Example 8D requires calculating the behavior of a core in which many of the S/As dilate and touch each other on the CCRP. The problem is based on Example 5 in Stage 1(4) and the dilation of Example 8A. Although the pads at the LRP and URP in Example 5 can deform only elastically, the pads at the CCRP in Example 8D can creep due to contact loading between sub-assemblies.
In order to save computer storage requirements, the LRP specified in Example 5 is ignored in Example 8D. In this problem, the follow- Fig. 10 Illustration of axial nodal points in sub-assembly model for Example 8 Table 2 Free dilation at CCRP for Example 8A at 100 dpa (mm)
The problem is specified such that the CCRP initial clearance is 6.0 mm. At around 70 dpa, where soft contact occurs at the CORP, the sub-assemblies outside swelling-activated sub-assemblies (S/As 42, 43 and 44) move outward due to contact loading at the URP applied by the swelling-activated sub-assemblies, which are trying to move outward. The inner sub-assemblies, on the other hand, are pushed inward by contact loading at the CCRP. In addition, as seen by the increase in dilation after about 70 dpa, the inner subassemblies also try to move outwards. Figure 13 shows the increase in dilation and contact load for S/A 1 at the CCRP during irradiation, together with the free dilation of S/A 1 in Example 8A. Figure 14 shows the displacements at the CCRP at a core center dose of 100 dpa for typical sub-assemblies in the five solutions. The spread in S/A 11, which suffered the greatest displacement of all the sub-assemblies, was 8.9% and the accuracy (of ARKAS) was 2.2%. Figure  15 shows the contact loading at the CCRP at a core center dose of 100 dpa for the five solutions, and Table 4 shows the numerical values of spread and accuracy for these contact loads. The spread in central load on the CCRP at a core center dose of 100 dpa among the five codes was 6.6% and the accuracy (of ARKAS) was 3.4 %. The load acting between S/A 10 and S/A 23, which was the maximum face load, had a spread among the four codes tested of 9.4 % and the accuracy was 3.8%.
( 3 ) Example 8E : Dilation interactions in symmetrical array (30-sector) within passive restrained system with narrow clearance The problem is specified such that the CCRP initial gap is 0.5 mm. The other conditions were the same as for Example 8D.
The four solutions for Example 8E were compared.
The spread in S/A 44 displacement, which suffered the greatest displacement of all the sub-assemblies, was 103.8% and the accuracy (of ARKAS) was -7.4 %. For the central load on the CCRP at a 100 dpa core center dose, which was the maximum face load, the spread was 4.9% and the accuracy (of ARKAS) was 1.7%.
As shown in Fig. 16 , the solutions from each code seem to be scattered, as compared with those shown in Fig. 14 for Example 8D. This seems a result of the increased inter-S/A interactions at the CCRP due to the narrower initial gap. However, the ARKAS solutions are concentrated near the mean values as shown in Fig. 16 . The reason for this is not clear, but the numerical formulation adopted in ARKAS and the modeling of The problem specifications are all based on Examples 3A and 3B in Stage 1(4) ; however the following modifications are made to reduce the chances of unloading (separation from the contact state at the pads) ;
(1) The LRP is de-activated (i.e. large gaps are inserted).
(2) The initial gap at the URP is reduced from 6.0 to 0.1 mm. In addition to the specified examples with frictional coefficients of 0.2 and 1.0, calculations were carried out without friction as Examples 10N and 10E.
( 1 ) Examples 10N, 10A, 10B: Simple friction problems in symmetrical array (60-sector) In Examples 10N, 10A and 10B, the top of sub-assembly 1 in Fig. 17 bows 12 .36 mm in the cross-corners direction, north, under the influence of the wrapper temperature distribution which is the same as that specified for Example 3A in Stage 1 (see the central diagram in Fig. 4 of Ref. (4)).
The specified frictional coefficients are given below : Example 10N-0.0 Example 10A-0.2 Example 10B-1.0. Figures 21 and 22 show the displacement and contact loading for typical sub-assemblies in the five solutions, and Table 5 shows the numerical values of spread and accuracy for these contact loads.
The spreads in S/A 1 displacement were 0.0% for Example 10N (m=0.0), 37.5% for Example 10A (m=0.2), and 22.0% for Example 10B (m=1.0), respectively.
For these displacements, the accuracy (of ARKAS) was 0.0, -3.7 and -7.0%, respectively.
The spreads in S/A 1 contact loading were 3.3% for Example 10N, 21.7% for Example 10A, and 13.8% for Example 10B, respectively.
For these loads, the accuracy (of ARKAS) was 1.1, -4.2 and -1.1%, respectively. Figure 23 shows the contact loadings of normal and frictional forces on face 2 in S/A 1 as a function of frictional coefficients in the five solutions. It shows that the three solutions involving ARKAS's one simply change according with the increasing frictional coefficient.
Since Examples 10A and 10B are simple problems not involving unloading and lift-off, the frictional force can be expected to rise along with the increase in the frictional coefficient. To compensate for the increasing frictional force, the normal force would be expected to drop. On the basis of this argument, the three solutions involving ARKAS's one are selected as reasonable solutions in the following discussion.
If the two extreme solutions are rejected in Examples 10A and 10B, the spread in S/A 1 displacement is drastically reduced from 37.5 to 0.0% for Example 10A, and from 22.0 to 3.9% for Example 10B. And the spread in S/A 1 contact load is also drastically reduced from 21.7 to 0.7% for Example 10A , and from 13.8 to 3.8% for Example 10B. Under this assumption, the accuracy of S/A 
and is used to represent the difference between ARKAS's results and the measured values.
The ARKAS prediction for subassembly stiffness is in excellent agreement with the measured value. The spread among the nine codes is 10 %.
The average measured strain for a head displacement of 36.1 mm was 311 mm, while the ARKAS prediction is 314 mm. The validation accuracy of ARKAS is as low as 0.8 %. The ARKAS prediction for sub-assembly strain is therefore in excellent agreement with the measured values. The spread among the three codes was 12 %. The author believes that the excellent agreement with the actual strain given by ARKAS is a result mainly of the exact S/A model used to describe the crosssectional details, especially in the spike region.
2. Exercise 1B: Free thermal bowing of single S/A A hexagonal wrapper supported on its spike at two levels with a clearance (0.15 mm : design value not measured) was thermally loaded with a circumferential temperature gradient by attaching heaters along about 2,000 mm of one face. The total length of the sub-assembly is 2,900 mm including the 550 mm-long spike, and the wrapper cross-flats width is 78.3 mm. Its thickness is 1.45 mm. The lateral deflections at 10 axial points were measured.
The calculation was performed for 27 axial nodes and four reduced planes-at the spike bottom, spike top, LRP and URP. In addition to the standard case using the specified temperature distribution (reference temperature), another calculation was performed with a modified temperature distribution. Figure 28 shows the two circumferential temperature gradients at a typical axial level. The modified temperature distribution takes into account the fact that the hottest wall may have a flatter temperature distribution than the specified linearly varying distribution, because it is heated by a band heater extending over the whole wall. The modified temperature distribution for the heated wall is flat with a value equal to the maximum radial temperature. The bending moment for the modified distribution is on average larger (+7.5%) than that for the specified distribution. good in the axial range 0 to 1,970 mm from the spike top, while in the modified case the agreement is good above this region. Since the real temperature distribution would probably fall between these two extreme distributions, the ARKAS prediction can be said to be in good agreement with the measurements. The validation accuracy of ARKAS for displacement at the top is -9.0 % in the reference case and 0.3 % in the modified case. The spread among the nine codes is 25%. The good agreement of ARKAS proves the accuracy of this calculation method for duct bending loads due to temperature distribution as described in Sec. II. 1.
3. Exercise 1A : Restrained thermal bowing of single sub-assembly A thermally bowed hexagonal wrapper like that in Exercise 1B is laterally restrained at the URP, the LRP, and at the spike supports. The dimensions of the wrapper are the same as those in Exercise 1B. The URP is placed at the axial level of 2,410 mm from the spike top, and the LRP is at the axial level of 1,170 mm from the spike top. The circumferential temperature gradients are the same as those in Exercise 1B. The stiffness of the wrapper cross section at the LRP pad with a normal load applied across the faces was specified. Lateral deflections at 10 axial points and pad loads at the URP and LRP were measured.
The calculation was performed for 27 axial nodes and with four reduced planes at the spike bottom, spike top, LRP and URP. Measured values were adopted for the initial clearances at the URP and LRP. Initial clearances at the spike top and bottom were not measured, however, so the design values of 0.15 mm were adopted. It should be noted that this code is able to model a spike with clearances at the top and bottom.
The ARKAS results are shown in Fig. 30  together with (value calculated from the measured load and the measured deflection at LRP) improves the agreement.
Increasing the clearance at the spike bottom leads to a slight improvement as regards pad loads, as shown in the brackets in Fig. 30 .
The spread in the displacement at the mid-point between the LRP and URP among the nine codes tested was 16 %, and the accuracy (of ARKAS) was -6.5 %. The spread in LRP load among the nine codes was 116 %, and the accuracy was 2.5 %. Agreement between the ARKAS results and the averaged value of the nine codes was good.
The difference between our code predictions and actual measurements seems to be a result of uncertainties in the structural and spatial measurements taken in the experiments. The following would be particularly useful issues for future experiments to tackle :
(1) A review of the stiffness of the wrapper cross section under single-face loading(2).
(2) A review of the initial spike clearances at the spike top and spike bottom. Number 2. above is suggested by the result Agreement between ARKAS results and experiment (validation accuracy) is fairly good, except in Exercise 1A. The spreads in Stage 2 (validation) were larger than in Stages 1 and 1A (verification). This tendency seems to result from the differences between the codes in the features they need to model the experimental conditions. The better agreement obtained by ARKAS compared with the other participants' results in Stage 2 suggests that the features of ARKAS are a more favorable way to model the experimental conditions. This study, including the previous work on Stage 1(4), has shown that the ARKAS code is capable of predicting core distortion and mechanical behavior in well-defined verification problems such as those of Stages 1 and 1A.
In the validation studies, it is clear that the initial spike clearances at the spike top and spike bottom need to be modeled. The lack of accurate data seems to influence the error between code predictions and experiment.
Because three-dimensional validation problems were not included in the benchmark study, validation studies should be carried out with data taken from three-dimensional experiments using ex-reactor rigs. This would ensure the reliability of core mechanics analysis for LMFBRs.
